The present study investigates the degradation mechanism of a methanesulfonic acid (MSA) based electroplating bath used for the electrodeposition of Sn-Ag alloy solder bumps, and its effects on the microstructure of the solder and on the collapse failure of flip-chip solder bumps. To examine the degradation behavior of the electroplating bath, a degraded electrolyte is prepared by accelerated aging treatment. In the presence of dissolved oxygen and Ag + ions in the electrolyte, the chemical oxidation of 
Introduction
Flip-chip packaging has been widely used in the integrated circuit (IC) packaging industry for a long time due to its small form factor, and simple and low-cost process. [1] [2] [3] Recently, as electronic devices have become smaller, thinner and lighter, solder capped Cu pillar bumping technology has been considered as the most effective method for ne-pitch connection, because the Cu pillar allows ner pitches and provides a rigid stand-off between the die and substrate, which allows better underll in comparison to conventional solder bump technology.
4-6
Among lead-free solder alloys, in the past decade Sn-Ag alloy has been applied to ip-chip interconnections as a standard process in wafer-level packaging (WLP) due to its excellent creep resistance, desirable melting point, thermo-mechanical fatigue behavior, good wettability 7 and greater connection reliability.
8,9
The Sn-Ag alloy solder bump is commonly prepared from methanesulfonic acid (MSA) based electroplating baths which have many benecial properties including high salt solubility, high electrolytic conductivity and the ability to dissolve many metals, which enables co-electrodeposition. [10] [11] [12] [13] [14] However, one of the most serious issues when using the MSA based electroplating bath is that the electrolyte gradually degrades with time, particularly when it is used for mass production in industrial elds, although the composition can be maintained by adding undegraded additives and inorganic components. Because the mechanical and electrical reliability of the Sn based alloy solders are highly dependent on the electroplating conditions, [15] [16] [17] [18] [19] [20] [21] the degradation of the electroplating bath leads to packaging problems. 1, 3, 22, 23 Indeed, issues such as the collapse of solder bumps during solder reow and the non-wetting phenomena of solder surfaces with the base metal can be observed more frequently as the electroplating bath solution approaches the end of its lifetime. 2, 24 The collapse of the solder bumps leads to a non-contact failure, or a critical bridging failure between neighboring bumps, which results in enormous product loss and an increase in production costs. Despite this, the direct correlation between the collapsing failures and the degradation of the electroplating bath has not yet been studied. Therefore, in this work, we investigated the degradation mechanism of the MSA based electroplating bath used for SnAg alloy electrodeposition. Since the electroplating bath for SnAg alloy contains several types of organic additives and two or more dissolved metal salts in the background electrolyte solution, 10, 25 we rst examined the degradation behavior of the electrolytes before and aer accelerated aging to mimic the effects of long term operation, and then the effects of the degradation of the electrolyte on the properties of the Sn-Ag solder were investigated. Lastly, a correlation between the collapsing failure of the Sn-Ag alloy solder and the degradation mechanism of the electroplating bath was suggested based on the results.
Experimental
To fabricate Sn-2.3Ag (wt%) alloy solder capped copper pillar bumps, a photo resist (PR) pattern with via hole arrays was fabricated using a conventional industrial photolithography process and mass production tools. 1 The electrodeposition of the Sn-Ag alloy was carried out on the Cu stud substrate at a current density of À20 mA cm À2 for 600 s in a bath containing Fig. 1 ) was used as the cathode. All the electrodepositions were conducted at room temperature, 296 K. Aer the electrodeposition of the Sn-Ag alloy on the Cu pillar, standard PR stripping and etching of the Cu seed layer were performed.
1 The whole fabrication process for the solder capped Cu pillar bump is schematically illustrated in Fig. 1 .
The thermal reow of the solder was performed under standard reow conditions with ux treatment, in compliance with the JEDEC (Joint Electronic Devices Engineering Council) requirements. The reow prole consisted of a pre-heating range of 150-200 C for 90 s followed by holding above 240 C for 20 s at a peak temperature of 250 C.
To examine the degradation behavior of the electroplating bath, we prepared a degraded bath by accelerated aging treatment. Since dissolved oxygen in the solution is considered to be the major reason for the degradation of the bath, a steady ow of air was injected into the solution at 200 mL min À1 with continuous stirring at 300 rpm for 3 weeks. Discoloration of the electroplating bath induced by the degradation of the solution was observed with a spectrophotometer (UV-3101PC, Shimadzu), which measures the light wave transmissions of the bath at different wavelengths of incident light.
To elucidate the mechanism of co-deposition of precipitated stannic oxides into the solder layer, the zeta potential of the precipitated particles were measured in a diluted solution at 25 C using a Zetasizer Nano-ZS zeta-potential analyzer (Malvern Instruments Ltd.).
The surface morphology and microstructure of the Sn-Ag alloy were examined by scanning electron microscopy (SEM) combined with energy dispersive X-ray spectroscopy (EDS) and Cs corrected high-resolution transmission electron microscopy (HRTEM), respectively.
The phases of the colloidal particles formed on the surface of the electrodeposit were investigated using selected-areaelectron-diffraction (SAED) and fast Fourier transformation (FFT) analysis. The crystal structures and chemical composition of the sludge formed by the accelerated aging tests were characterized by X-ray diffraction (XRD).
To investigate the mechanical properties of the solder bump, the tribological behaviors of the solder lms formed by an undegraded electroplating bath or degraded bath were examined using dry sliding friction and wear tests. The solder plated samples were reciprocated at a constant speed of 2 Hz (0.6 mm s À1 ) against a 1.0 mm diameter ceramic silicon nitride (Si 3 N 4 ) ball (the counter-body). Contact loads of 20 mN were applied. To estimate the wear rate, the wear track was measured by laser scanning confocal microscope (VK-250, KEYENCE). To examine the effect of the bath degradation on the hardness of the electrodeposits, Vickers microhardness indentation tests were performed on the solder samples using a micro-hardness tester (HM-124, Mitutoyo) at the indentation load of 40 mN with a holding time of 5 s. Aer load removal, diagonals of the indentation were measured with an optical microscope and an automatic indentation detection program (VLPAK2000, Mitutoyo). Fig. 2 shows the surface morphologies of the Sn-2.3Ag alloy solder bumps electrodeposited from two different baths, which had been used in the mass-production electroplating process for one week, and three weeks, respectively. The inset images of Fig. 2a and b show the color changes of the solution with time. Typical electroplating baths that contain MSA, tin methanesulfonate, silver methanesulfonate, TS-SLG and catechol are transparent and colorless, but the color of the solution changed to light-yellow aer using it for one week, and to muddy gray aer using it for three weeks in mass production.
Results and discussion
When the Sn-Ag alloy bumps were electrodeposited on Cu pillars from the lite-yellow solution (which had been used for one week), well reowed Sn-Ag solders could be prepared, as shown in Fig. 2e . The overall morphology of the Sn-Ag alloy bumps electrodeposited from the gray solution (used for three weeks) looked similar to those from the one-week old solution. However, high-magnication SEM images ( Fig. 2c and d) reveal that a Sn-Ag alloy bump electrodeposited from the three-week old solution was fully covered with spherical particles which have diameters ranging between 50 nm and 100 nm, whereas there were no nanoparticles on the bump electrodeposited from the one-week old solution. In particular, the bumps from the three-week old solution completely collapsed and debris was scattered around the Cu pillar bumps aer the thermal reow process (Fig. 2f) , which is totally different behavior from that observed in Fig. 2e . Therefore, the results clearly show that the degradation of the electrolyte not only affects the surface morphology of the Sn-Ag bumps, but also leads to the collapse failure of solder bumps during the solder reow step.
In addition to morphological changes, the mechanical properties of the solder bumps were also signicantly affected by the degradation of the bath. Fig. 3 presents the results of the microscale friction, wear and hardness tests for the Sn-Ag alloy bumps prepared from solutions before and aer degradation. As the bath was degraded, the coefficients of friction (COF) vs. sliding time curves show different tribological behavior (Fig. 3a) . The frictional response of the sample formed from the undegraded bath showed an initial COF value of 0.5, and this value settled to 0.75 aer 200 s. In contrast, the COF of the sample formed from the degraded bath was 0.2, and this value settled to 0.55 aer 450 s. The tribological performance suggests that the degradation of the electrolyte can reduce the friction coefficient of the solder surface by hardening the electrodeposits. As shown in Fig. 3b and c, the wear scar on the surface of the Sn-Ag electrodeposits prepared from the degraded solution was broader and deeper (0.414 mm 3 ) than that of the electrodeposits prepared from the undegraded solution (0.084 mm 3 ).
Moreover, as shown in Fig. 3d , the hardness of the sample formed from the degraded bath shows the greater hardness value of 50.6 by HV 0.002 (Fig. 3f) than the hardness value of the sample formed from the undegraded bath (24.7 by HV 0.002 (Fig. 3e) ). These tribological behaviors and the hardening effects are consistent with previous reports [26] [27] [28] that discussed the correlation between surface micro-hardness and the surface frictional property. Because the mechanical properties and the melting temperature of solder alloy are highly dependent on the microstructure and the composition of the solder alloy, [29] [30] [31] these results suggest that the degradation of the bath has a negative inuence on the fabrication of solder bumps. The formation of nanoparticles on the Sn-Ag solder bumps therefore may be one of the major causes of the collapse of the solder bumps during the solder reow shown in Fig. 2f .
To analyze the nanoparticles formed on the surface of the bumps, the Sn-Ag alloy electrodeposits prepared from the degraded solution were further examined using TEM. The crosssectional TEM image conrms the presence of the nanoparticles on the surface of the Sn-Ag alloy solder (Fig. 4a) , in accordance with the SEM observation (Fig. 2d) . In addition, a number of nanoparticles were also observed embedded in the subsurface layer as well as on the top surface of the solder bump (Fig. 4b) . As shown in Fig. 4c , the SAED pattern for these nanoparticles shows the clear ring patterns of a polycrystalline structure, which are attributed to the (110), (101) and (211) planes of SnO 2 . One notable feature in the HRTEM observation is that a native oxide layer was observed at the interface between the SnO 2 particles and the surface of the Sn-Ag electrodeposits (Fig. 4c) . The meniscus shape of the native oxide implies that the SnO 2 particles were probably not acquired during the post electrodeposition process, but rather formed on the surface of the solder layer during the electrodeposition process.
To reveal their exact chemical compositions, XPS analysis was performed on the electrodeposited solder formed by the degraded solution. As shown in Fig. 5 , the XPS spectra show the single peak curves of the surface (without ion etching) and double peak curves of the subsurface (aer ion etching for 300 s and more). This indicates that Sn 4+ was the dominant species on the top surface, but the subsurface was composed of Sn, Sn 2+ and Sn
4+
. Since the Sn 2+ and Sn 4+ spectra are still substantial at the deep subsurface exposed by ion beam etching for 540 s, it can be deduced that the deep subsurface and the top surface of the solder formed from the degraded bath were substantially composed of stannous and stannic oxide. According to a previous report, 32, 33 an oxidation layer with a thickness of less than a few tens of nanometers formed on the Sn-based solder surface can signicantly affect its solderability due to the non-wetting behavior between the solder bump and solder on the pad substrate. In this respect, the existence of a thick oxide layer mainly composed of SnO 2 nanoparticles (tens of nm) is expected to degrade the solder wetting property 18 and lead to failures, such as the collapse of the solder bumps during the solder reow.
To understand the formation and deposition mechanisms of the SnO 2 nanoparticles on the surface of the Sn-Ag bump, an accelerated degradation experiment was performed. To mimic the harsh conditions of the mass production environment, a compulsory aeration and agitation process was carried out on the MSA based electroplating solution.
As shown in Fig. 6b and c, when Ag ions coexist in the Sn-MSA bath (solution II), the color changes are more obvious and much faster than in the Ag-free bath (solution I). While the color of solution I changed to a light yellow, the color of sample II changed to dark gray aer three weeks, followed by the precipitation of a gray colored sludge. The transmittance of visible light at 450 nm through the degraded solution II decreased to below 30% aer 3 weeks, whereas solution I retained $60% of its transmittance (Fig. 6d) . To analyze the species that precipitated aer degradation, sludge particles were obtained by centrifugal separation. As shown in Fig. 7 , the morphology and size of the particles were similar to the SnO 2 nanoparticles deposited on the surface of the Sn-Ag bumps (Fig. 2d) . In addition, all of the peaks in the diffraction pattern of the sludge particles matched that of crystalline SnO 2 (JCPDS no. 77-0450). Therefore, it can be assumed that the SnO 2 nanoparticles observed on the surface of the Sn-Ag bumps are formed in the solution through spontaneous chemical reactions, not during the electrodeposition.
The following reactions (1)- (3) 
However, since the amount of the precipitated SnO 2 particles in solution II was much larger than the solution I, it is likely that the Ag + ions dissociated from the methanesulfonate complex promotes the oxidation of stannous ions to stannic ions, and the precipitation of SnO 2 particles is produced by the reduction of metallic silver (Ag 0 ) by the following reaction (4). Fig. 7c shows that the zeta potential of the precipitated SnO 2 particles in the degraded bath is about 35.1 mV. The result indicates that the surfaces of the SnO 2 particles are positively charged in the degraded bath (pH 1.8), which is consistent with a previous study that SnO 2 particles have positive zeta potentials in the pH range below 4.3, and negative values at pH higher than 4.3 (i.e., the isoelectric point of SnO 2 is about pH 4.3). 35, 36 During the electrodeposition of the Sn-Ag alloy, the application of an electric eld induces a coulombic force on the SnO 2 particles, and thus positively charged SnO 2 particles approach the negatively charged working electrode. This phenomenon is the well-known phenomenon of electrophoresis.
37 Therefore, it can be assumed that the electrophoretic deposition of SnO 2 nanoparticles occurs simultaneously with the electrodeposition of Sn-Ag alloy, which results in the incorporation of nanoparticles into the subsurface layer as well as the deposition on the top surface of the solder bump (Fig. 4b) .
Conclusions
In summary, the degradation mechanism of the MSA based electroplating bath used for Sn-Ag alloy electrodeposition was investigated, with emphasis on the effects of the solution degradation on the morphological and mechanical properties of the Sn-Ag bumps. SEM and TEM observations revealed that SnO 2 nanoparticles were deposited on the surface of the bumps during the electrodeposition of Sn-Ag alloy, which led to the collapse failure of the solder bumps during solder reow. In addition to morphological changes, the microscale friction, wear and hardness tests demonstrated that the solution degradation can reduce the friction coefficient of the solder surface by hardening the electrodeposits, which has a negative inuence on the fabrication of solder bumps.
From the accelerated degradation experiment, it was found that the formation of SnO 2 nanoparticles was not due to an electrochemical reaction, but could be attributed to the chemical oxidation of Sn 2+ to Sn
4+
. Notably, the dissolved oxygen in the solution was the dominant factor leading to the degradation of the solution, but the results demonstrated that the coexistence of Ag + in the solution signicantly promoted the oxidation of Sn 2+ ions, and the precipitation of SnO 2 particles. In the presence of Ag + the precipitated SnO 2 particles were adsorbed on the surface of the Sn-Ag solder bumps via electrophoresis, and incorporated into the layer during electrodeposition. The formation of a thick oxide layer mainly composed of SnO 2 nanoparticles on the surface of bumps deteriorates the solderability of the solder bumps and leads to collapse failures during the solder reow. The present work suggested for the rst time a correlation between the degradation of the MSA based electroplating bath for Sn-Ag alloy and the collapse failure of the Sn-2.3Ag solder bump. We believe that the degradation mechanism and analysis techniques reported in this study provide a facile way to investigate and predict the degradation of the electroplating bath during the mass production of Sn-Ag bumps. 
